Abstract
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The life cycle of H. marginata was recently described in detail by Censier et al. (2015b) .
148
Haplodiplosis marginata is a univoltine species with the flight period beginning as early as 
167
The reasons for the recent resurgence of H. marginata as a pest are as yet unknown. This 168 species is thought to have benefitted in part from the intensification of farming methods,
169
particularly the continuous sowing of wheat and barley crops (Skuhravý et al., 1983) . The
170
HGCA survey, the results of which are summarised in Roberts et al., 2014 , showed that the 171 majority of crops (48%) displaying symptoms consistent with H. marginata infestation were continuous cereal crops. A further 24% were however, first wheat crops, which can be 173 explained by observations that populations are able to persist in the soil for more than one 174 year (Nijveldt & Hulshoff, 1968 , Popov et al., 1998 Dewar, 2012) . Given the relatively low 175 dispersal ability of this pest, localised outbreaks are more likely to occur where wheat is 176 being grown successively, or in close proximity to previously affected fields (Schütte, 1964b ).
Since 1980 the continuous cropping of wheat has steadily declined in the UK according to the Defra Winter Wheat Pest and Disease Survey (Judith Turner, Fera, Pers Comm) suggesting that on a landscape scale, continuous wheat systems do not explain increases in
180
H. marginata outbreaks. It has been suggested that selectively breeding cereal varieties to 181 increase productivity may have increased the availability of food resources for developing 182 larvae and reduced levels of natural resistance to the pest (Skuhravý et al., 1983) , although 183 the mechanism of any such resistance is unknown. Other possible factors include increased 184 use of minimum tillage, which may allow better pupal survival as they are not buried as 185 deeply by cultivations. The reduced disturbance from minimum tillage would however, also 186 benefit natural enemies (Landis et al., 2000) , which could negate some of the benefit to pest 
190
used and the rate of application. For example, the total weight of insecticides applied to cereal crops in the UK has decreased by 54% since 1990 (Fera, 2016) , although this will in part have been due to improvements in the efficiency of the active substances. The total
193
percentage area of cereal crops treated with an insecticide has also declined since 1990,
194
with most crops only receiving a single treatment (Fera, 2016 
207
In a study of host plant preferences comparing 48 different species of cereals and grasses in 208 the field, E. repens was the most heavily attacked by H. marginata (Schütte, 1964b) .
209
Haplodiplosis marginata also had the lowest levels of larval mortality on E. repens when 210 compared with other host plants such as wheat and barley (Skuhravý et al., 1983) . Elymus 211 repens and other wild grasses have the potential to act as alternate hosts but it is as yet 212 unclear whether increased availability of alternate hosts would facilitate pest populations or 213 reduce pressure on the crop (Schütte, 1964b , Skuhravý et al., 1983 Woodville, 1968) .
214
Variation in severity of attack, defined as the number of galls per stem, has been shown to between countries in which the same variety is grown (Nijveldt & Hulshoff, 1968 
223
Censier et al., 2015b). Oats are a poor host with data suggesting that only 2 -5% of the 224 larvae survive following hatching (Skuhravý et al., 1993) . A more recent study found that 225 oats were a less attractive host when sown next to spring wheat, and potential resistance 226 was observed in one variety on which no galls were formed despite evidence of oviposition 
233
Crops most at risk are spring crops, particularly wheat and barley (Skuhravý et al., 1983, 234 Skuhravý et al., 1993) but damage has also occurred in late sown (after mid-November)
235
winter wheat and barley (Pope & Ellis, 2012; HGCA, 2012) . Golightly and Woodville (1974) 236 observed that damage is most severe when egg-hatch coincides with stem extension, whilst 259 Gratwick, 1992) . This is of particular concern where attack coincides with a period of high 260 winds and can be responsible for substantial yield losses. outbreaks, however, the recent HGCA survey anecdotally reports that 52% of respondents who observed saddle gall midge infestation observed subsequent yield loss. In the most severe case, there was an estimated 70% decrease in yield as reported by an agronomist in Estimates of thresholds of soil densities of larvae above which economic losses occur range 276 from 12.4 million per hectare (Golightly & Woodville, 1974) to as little as 300,000 per hectare 277 (Popov et al., 1998) . In terms of infestation, it has been estimated that more than three galls 278 per stem causes significant damage and loss of yield (Skuhravý, 1993) . In Denmark, this 279 threshold rises to five galls per stem (Woodville, 1973) , in the UK it is between 4.5 and nine 
318
Early recommendations for chemical control advised using persistent insecticides and to 319 time applications for three to five days after the first adults were recorded or when the eggs 320 were found on 20% of leaves (Skuhravý et al., 1993) . There is a limited timeframe for 321 application as once the larvae are beneath the leaf sheath they are protected from contact-322 acting insecticides (Gratwick, 1992) . Repeated applications may be warranted as adult flight 
349
marginata eggs (Spittler, 1969 
362
predictions of future population size are difficult (Woodville, 1973; Basedow, 1986) .
363
Numbers of larvae in the soil can increase gradually over several years or rapidly within a 
377
clay soil after 48 days, however, survival was zero after two weeks at -10 ˚C in further survive periods of flooding: over 50% of 100 larvae were able to survive immersion in water for 28 days. This supports field observations of larvae surviving in flooded soils (Nijveldt & high levels of larval mortality following heavy rainfall. Additionally, very wet weather in summer may cause eggs to be washed off the leaves before hatching (Gratwick, 1992 
399
Temperature and moisture are likely to be closely linked to the termination of diapause 400 (Gratwick, 1992) . Sitodiplosis mosellana, Contarinia tritici and Contarinia sorghicola 401 (sorghum midge), also in the supertribe Cecidomyiidi, all require an interaction between 402 temperature and moisture for diapause termination and adult emergence (Basedow, 1977;  may make it easier for larvae to move up through the soil profile to pupate whilst rising 405 temperatures are likely to trigger the end of diapause for this species. This is supported in 406 the literature, with numerous reports of warm, humid conditions prevailing shortly before an outbreak (Gratwick, 1992) . It has been observed that under laboratory conditions, diapause source of error in the model, however the data is representative of that which would be available to farmers in order to use the model.
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Model development
438
Two models were produced based on degree day models previously developed for S. 
453
Here we are using the term 'biofix' to represent the estimated date at which pupation begins.
454
The date of biofix was then used to calculate accumulated degree days above a base 455 temperature until emergence as before. Mean daily soil temperature thresholds of 5 -12 °C
456
were tested, along with degree day base temperatures of 0 -10 °C to determine the best 457 model.
459
For both models, the predicted dates of emergence were compared against the observed 
489
The standard deviation of the differences between the observed dates and model predictions was also smaller for the second model suggesting a higher degree of accuracy (Table 1) .
From the historical data, predictions for the date of emergence from both models were within 492 5 days (± 3.5 days) for all sites ( 
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The models presented here demonstrate that simple degree day calculations can be used to 
